I. INTRODUCTION
The dynamics of ablation plume expansion in femtosecond (fs) laser ablation of solid materials is of interest in micromachining, thin film deposition and microanalysis. [1] [2] [3] [4] [5] [6] [7] [8] [9] It is now well established that fs laser ablation of solids is significantly different from nanosecond (ns) ablation. In fs ablation the time available for heat conduction is of the order of the electron-lattice relaxation time, typically 1-10 ps. The hydrodynamic motion of the ablated material commences on the same time scale, thus for sub-ps laser pulses there is no interaction of the laser with ablated material. The plume is typically characterized by the kinetic energy and angular distribution of the ablated particles, 2,6-13 which in turn are determined by the dimensions of the ablation spot and the thickness of the layer of ablated material when the adiabatic expansion of the ablation plume commences.
Most of the comparisons between ns and fs experiments or film depositions have been carried out for the light elements, 2, 3, 7, 12, 14 in particular carbon, which may not be representative for a broader set of elements. Another significant feature is that most of the experiments on medium, or heavy elements, have been carried with laser wavelengths in the near infrared around 800 nm, 2, 6, 7 or in the visible at 527 nm, or 620 nm, 3, [8] [9] [10] 13 whereas ns ablation is typically studied for UV lasers at 355 nm or 248 nm. However, one should note that the strong-field excitation induced by fs-lasers makes it possible to ablate materials using longer wavelengths where the materials are transparent to the laser light. 15 Plume studies of fs laser ablation are often based on timeand space-resolved spectroscopy from which it can be difficult to extract the velocity and angular distributions of the ablated particles. Spectroscopic measurements of emission from excited atomic and ionic species may not give a representative picture of all the ablated material. In particular, it is known that in fs irradiation a significant part of the ablation occurs via emission of nanoparticles (NPs), which leave the target at lower velocity than atoms or ions and emit a continuous light spectrum. [15] [16] [17] There are some reports of ion energy distribution measurements using Langmuir probes 7 or ion energy analyzers, 2,4,7,11 but these measurements have been made in a direction close to the normal of the target surface, and do not give information about the shape of the ablation plume. Donnelly et al. 8, 9 have used ion probes to measure the plume shape and the ion energy distribution in fs ablation of nickel.
In this paper, we describe the results of an experiment to measure the energy and angular distributions of the plasma produced by ablation of a silver (Ag) target with a fs UV laser. The angular distribution of the net deposition was also measured. The results were compared with similar measurements for ns pulses. We show that the adiabatic and isentropic plume expansion model 18, 19 provides a good description of the plume expansion in fs ablation. This model was developed for the expansion of the neutral vapour produced by pulsed laser ablation, but has been found to provide a good description of the expansion of ionized ns laser ablation plumes. [20] [21] [22] The parameters of the model are realistic, and the flip-over effect, whereby for an elliptical ablation spot the major axis of the expanding plume becomes orthogonal to the major axis of the ablation spot, was observed. The main result of the present work is that both plasma plume shape and the angular distribution of deposition are significantly narrower for fs ablation than for the corresponding case of ns ablation. However the plasma and deposition plumes are of finite angular width, and clearly do not correspond to unidirectional flow along the target normal, as is described in Ref. 23 . In the present experiment the laser beam strikes the target at normal incidence, though the laser spot is rectangular. However the conclusions drawn here are generally applicable, in particular to pulsed laser deposition (PLD) where non-normal incidence is used.
II. EXPERIMENT
The fs ablation measurements were performed at the UV laser facility at IESL-FORTH, Crete, using a 500 fs, a)
Author to whom correspondence should be addressed. Electronic mail: josc@fotonik.dtu.dk. 248 nm laser. Laser pulses at 496 nm were generated in a distributed feedback dye laser before frequency doubling and amplification in a KrF excimer laser amplifier. 24 The laser beam was delivered, using a demagnifying optical system, as a rectangular spot 0.62 mm Â 0.26 mm (0.0016 cm 2 area) at normal incidence onto a Ag target in a vacuum chamber with a base pressure of 10 À7 mbar. The laser beam could be adjusted to orient the long axis of the spot either horizontal or vertical, and the target could be rotated to a new ablation spot after each sequence of shots. To identify the ablation regime of this experiment the ablation depth per pulse was measured as function of laser fluence by keeping the target fixed and delivering between 500 and 1000 laser pulses. The ablation crater profile was measured across the long and short dimensions using a Dektak surface profilometer. An array of 13 planar Langmuir probes was arranged in the horizontal plane in a semi-circular arc around the laser ablation spot at a distance of 80 mm, as shown in Fig. 1 . The planar probes were biased negatively at À10 V to reject plasma electrons and to measure the time-of-flight (TOF) ion current signal due to the plasma flow. The planar probes were similar to those in Ref. 25 and had an area of 0.04 cm 2 . The collecting surface was oriented to face the ablation spot, and thus the plasma flow. While recording the signal from a particular probe, all other probes were grounded. An identical system with cylindrical probes has been used for ion probe measurements with ns pulses. 21 A simple homemade lowresolution cylindrical ion energy analyzer with a Faraday plate detector was used to identify the main ionic species in the ablation plasma. The deposition was measured by placing a semi-circular stripe of transparent plastic around the ablation spot at the same radius as the probes. After an appropriate number of laser pulses the thickness of the Ag film was determined by measuring the optical transmission with a HeNe laser 26 and using the known optical properties of Ag metal. 27 Figure 2 shows the fluence variation of the measured fs ablation depth per pulse in the fluence range 0.3 to 2 J cm À2 .
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III. RESULTS AND DISCUSSION
At low fluence there is a logarithmic dependence consistent with the analysis of Nolte et al. 5 In this regime the ablation is determined by the penetration of light into the solid, a À1 $ 20 nm. For larger fluence the depth increases linearly with fluence, which reflects the increasing importance of heat conduction. 28, 29 The ablation depth at 2 J cm À2 is $160 nm. Vestentoft and Balling measured a value of $100 nm at 2 J cm À2 for ablation with 100 fs 800 nm pulses; 28 the higher value measured here is most likely due to the lower target reflectivity for UV irradiation. In both cases the laser pulses are much shorter than the electron-lattice relaxation time, which is $9.4 ps for Ag in the ablation conditions considered here. 30 It should be noted that after the delivery of 500-1000 pulses at the same position the floor of the ablation crater is highly structured, showing 50% modulation of the ablation depth on a typical lateral scale length of 50 lm.
In making the ion probe measurements it was noted that the first shot on a particular target location gave rise to a signal of higher amplitude and shorter TOF than for subsequent shots delivered in quick succession. Figure 3 (a) shows the ion signals obtained for the first, second, and third shots delivered at a repetition rate of 1 Hz. Subsequent shots are similar to the third shot. It was also noted that if the irradiation is stopped for a few seconds the fast ion peak reappears when the irradiation is restarted. These observations indicate the buildup of low-Z contamination of the Ag surface. This was confirmed using the cylindrical ion energy analyser. Fig. 3(b) shows TOF signals of the ions transmitted through the analyser when the pass energy was set at 47 eV for singly-charged ions. The approximate ion mass was determined from the TOF. When the target is rotating we observe ion signals due to singly-ionised H, C, and/or O and Ag, as there is sufficient time between laser shots on the same location on the target for the buildup of surface contamination. A similar low-Z impurity peak was observed in fs ablation of Ni. 8 However, with the target stationary only the Ag ion signal is observed. The ion probe signals reported below were obtained after laser ablative cleaning of the target. As the fluence is increased the amplitude of the signal increases, and the TOF corresponding to maximum ion flux decreases, but the characteristic shape of the signal remains the same. Figure 4 (b) shows that the integrated ion charge collected by the probe increases linearly with fluence. This figure also shows that ion energy corresponding to the TOF at maximum ion flux increases monotonically from $40 eV at the ablation threshold to a $150 eV at 2 J cm
À2
. A similar increase of the ion energy, in nearly the same fluence range, was seen for ns ablation of Ag at 355 nm. 31 Figure 5(a) shows TOF spectra at different angles measured from the target normal for fs ablation at 2.4 J cm
. The signal amplitude is greatest and the TOF is least along the target normal. There is no indication of a bimodal velocity distribution reported in Refs. 2 and 7. The very weak feature near 1 ls is due to some residual low-Z contamination. The general behavior of these ion signals is quite similar to that obtained for ns ablation of Ag, which is shown in Fig. 5(b) for comparison. 32, 33 The ns ablation was done using a 248 nm, 26 ns excimer laser with 2.0 J cm À2 on a 1.8 mm Â 0.7 mm spot (0.013 cm 2 area) and a 3 mm Â 1.5 mm planar probe was positioned at 41 mm. This ablation spot is $3 times larger than the fs laser spot, though, as will be discussed below, the angular size of the ion fluence and deposition plumes are wider than the fs case. The ion energy corresponding to the TOF for peak ion flux is 160 eV, which is quite similar to the value for fs ablation at the same fluence.
The angular distribution of ion TOF spectra was measured for two orientations of the beam spot; with the long axis (x-axis) both horizontal and vertical, and the results are shown in Fig. 6 . With the long axis vertical the smaller horizontal spot dimension gives rise to wider angular distribution in the horizontal plane and vice versa. This so-called "flipover effect" is in agreement with the gas dynamics model of plume expansion. 18, 19 The time-integrated ion signals were fitted with the angular distribution F(u) derived from the gas dynamical expansion model
where the fitting parameter k is the asymptotic value of the longitudinal-to-transverse axes ratio of the semi-ellipsoidal shaped ablation plume. The parameter k is a measure of the elongation of the plume, i.e., a larger k means a more forward-peaked plume. This distribution describes the particle deposition on a hemispherical surface, in contrast to the formula in Ref. 18 which describes particle deposition on a planar substrate positioned parallel to the target surface. The fits in Fig. 6 show that when the long axis of the beam spot is horizontal the ion angular distribution in the horizontal plane is described by k x ¼ 6.2 and by k y ¼ 4.0 with the long axis of the beam spot in the vertical plane. The flip-over effect occurs whenever the laser spot is not rotationally symmetric. 18, 22 The plume expansion, which is assumed to be adiabatic and isentropic, is driven by the pressure gradients in the ablated material at the time when the adiabatic expansion commences. Typically at this time the ablated material exists as a thin layer of thickness Z 0 on the ablation spot. Thus the pressure gradient and the plume acceleration are largest normal to the target surface and a forward-peaked ellipsoid plume is produced. Similarly, when the ablation spot is not rotationally symmetric the transverse pressure gradient is higher in the direction of the smaller spot dimension. For a rectangular laser beam spot the plume will exhibit a flip-over, i.e., during the expansion the plume evolves in such a way that that the major axis lies at 90
to that of the initial spot. The angular distribution of deposition (ions, neutral, and nanoparticles) was measured by depositing a Ag film on the inner side of a semi-cylindrical plastic sheet mounted at the same radial location as the probes. Figure 7 (a) shows a photograph of a Ag film deposited using 16 000 laser shots with the long axis (x-axis) of the beam vertical; a new ablation spot was selected after every 200 laser shots. For this measurement the probe setup together with the target were rotated in the horizontal plane such that the laser struck the silver target at an angle of 10 . The spatial variation of the film thickness was determined by light transmission, as described above. Then knowing the radius of curvature of the plastic sheet, the angular distribution of the film thickness was found, and this is shown in Fig. 7(b) . Fitting the distribution to Eq. (1) yields k y ¼ 2.4. This can be compared with k y ¼ 4.0 for the ion distribution. Thus, the plasma part of the plume is significantly narrower in angle than the overall plume giving rise to deposition. The opposite tendency has been observed in fs ablation of nickel for fluence values below 0.8 J cm 2 . 34 The reason for this difference in behaviour is not clear at this stage, but may be related to the higher fluence used here combined with the low reflectivity for silver at 248 nm. In any case the deposition measurement shows no indication of the presence of a very narrowlycollimated ablation jet near the target normal, as was reported in Ref. 23 . Figure 8 shows the angular variation of the ion fluence and deposition on a 41 mm radius cylindrical surface centered on the ablation spot for ns ablation under the same conditions as for the data in Fig. 5(b) . As for the plume shape in fs ablation (Fig. 7) , the plasma part of the plume is more forward-peaked than the net deposition.
It is of interest to make a quantitative comparison of the ablation yield, total deposition and total ion yield. For fs ablation at 2.4 J cm À2 the average ablation depth is 185 nm (slightly outside range of Fig. 2 ) and the number of ablated atoms calculated from the crater dimensions is 1. For a semi-ellipsoidal plume deposited on a substrate at a distance of d from the ablation spot, the total deposited yield Y is related to the deposition per unit area F(0) in the direction of the target normal direction and the k-values, k x and k y of the deposition plume by
Since d ¼ 80 mm, F(0) ¼ 3.3 Â 10 13 atoms cm À2 pulse À1 , k x ¼ 3.8 (estimated as described below) and k y ¼ 2.4 the total number of atoms deposited per pulse is Y ¼ 1.5 Â 10 15 , which is of the same order as the number of ablated atoms as measured from the ablation crater. Repeating this calculation for the ions gives a total ion yield of 2.0 Â 10
13
, which is only about 1% of the ablated atoms. Noting that the ion fluence is a small fraction of the net deposition, it can be concluded that sputtering by ions is not a significant process.
It is also of interest to compare the efficiencies of ns and fs ablation with respect to both material removal and ion production. For the fs ablation described above, the ablation efficiency is 4.5 Â 10 14 atoms/mJ of incident laser energy, which corresponds to $14 eV per atom, while the ion production efficiency is 5 Â 10 12 ions/mJ. Referring to the data in Refs. 32 and 33 for ablation of Ag with 26 ns, 248 nm laser irradiation at 2 J cm À2 on a 0.013 cm 2 spot, it can be seen that the ablation efficiency is 4.2 Â 10 13 atoms/mJ and the ion production efficiency is 2.5 Â 10 13 ions/mJ. Thus it is clear, that for the laser fluence range considered here, the ablation efficiency is $10 times higher for fs irradiation, while the ion production efficiency is $5 times lower. Since fs and ns laser ablation proceed in very different ways, it is not possible to identify a single factor to account for the very different ablation efficiencies. However, it can be noted that since the ns pulse is much longer than the electron-phonon relaxation time, which determines the time for heat conduction in the fs case, the heat diffusion depth is smaller in the fs case. In fs ablation most of the ablated material is removed by nanofragmentation of superheated material, 15, 17, 34, 35 while in the ns ablation material removal is limited by surface evaporation from the laser heated surface. In ns ablation plume material evolved during the laser pulse absorbs the laser light leading to a reduction of the energy coupled to the target. It can also be noted that the efficiency of fs ablation of Ni is one order of magnitude larger than ns ablation at approximately the same wavelength. 9, 36 While the ablation efficiency is higher with fs lasers, it should be noted that these lasers are more complicated and expensive than the ns lasers normally used for ablation.
There are reports of the observation of extremely narrow plumes for fs ablation, 23 but as mentioned above, this has not been observed in the present experiment. Spectroscopic measurements of visible emission from ablation of ZnO, 3 Ti, 12 and BaTiO 3 (Ref. 37) clearly show that the plume of excited species is narrower for fs ablation than ns ablation. This general trend is supported by the ion and deposition data presented here. The comparison of plume shapes for different ablation regimes is most easily done by comparing the k-values. The k-values for both the ion and deposition plumes for fs and ns ablation are compared in Table I Table I . A value of k y $ 1.0 implies that the plume shape is approximately hemispherically symmetric in the yz-plane. Thus it is clear that, for the same ablation spot dimensions, fs ablation gives rise to much narrower ion and deposition plumes than ns ablation. Unfortunately these kvalues could not be confirmed by experiment since when the fs beam was apertured to yield a circular beam the laser energy was reduced and signal on most of the probes was too small for measurement. It is possible to run the UV laser facility at IESL-FORTH in ns mode with same beam shape as the fs mode, but again the ion signals were insufficient for reliable measurement. The same trend towards narrower ablation plumes in fs ablation is observed in ablation of Ni using 250 fs laser pulses at 527 nm. 9 The asymptotic aspect ratio of the ablation plume depends on the ratio of thickness to lateral dimension of the ablated material at the time when the adiabatic expansion commences. Thus, the results presented here and in Ref. 9 indicate that the initial thicknesses of both the atomic and NP ablation layers in fs ablation are much less than for ns ablation.
We need to consider if laser energy arriving before the main fs pulse has any influence on our measurements. The present measurements have been performed relatively close to the ablation threshold. 5 The energy of any prepulse on a ns timescale has been estimated by Geretovszky et al. 38 to be at most 25% of the total pulse energy and the contribution will not be significant, as can be seen from Fig. 2 .
A possible complicating feature is the roughness of the target surface, which is already induced by the first laser shot. Clearly it would be desirable to obtain the ion angular distribution data from the first shot of a virgin surface. However, this is not possible because of the low-Z contamination of the target, and cleaning by even a few shots leads to roughening of the surface. The Anisimov model 18, 19 of plume expansion shows that there is negligible lateral expansion of the plume until the plume extent in the forward direction is comparable to the lateral radius, which in our case will take $50 ns. This time is sufficiently long for ion-ion collisions to randomise any directed plasma motion arising from non-planarity of the crater floor.
IV. CONCLUSION
In summary, we have studied the plume dynamics from 500 fs laser ablation of silver at 248 nm with Langmuir probe and thin film deposition techniques. The TOF spectra from fs laser ablation show a single peak and are quite similar to those for ns ablation at 248 nm and 355 nm at the same value of fluence. 21, 32, 33 The angular distribution of ions, as well as that of the deposition, can be analyzed and quantified in terms of Anisimov's plume expansion model with realistic parameters. The present data for the plume dynamics indicate that the expansion is determined by the initial stage of the plume formation rather than by direct interaction between the ablated particles and the laser. An additional support for the validity of Anisimov's model for fs ablation is the observation of a distinct flip-over effect for a horizontal and vertical laser beam spot. The angular distribution of ions and of the total deposit is somewhat narrower than for ns pulses evaluated on the basis of Anisimov's model. The energy efficiency of fs laser ablation is $10 higher than ns ablation, while the ion production efficiency is lower for fs ablation. 
